Water is a limited resource for crop production in arid areas of Southern New Mexico. The objectives of this study were to estimate the amount and depth of water and nitrate-nitrogen (NO 3 -N) fronts, water and NO 3 -N balances, and irrigation efficiencies for two onion (Allium cepa L.) fields under furrow and drip irrigation systems. Monthly soil samples were analyzed for −1 for drip-irrigated fields. The irrigation efficiencies varied from 78 to 80% for furrow-and 83% for drip-and N application efficiencies (NAEs) were 35 to 36% for furrow-and 38 to 39% for drip-irrigated fields. Small N fertilizer applications, delayed until onion bulbing starts, and water applications, preferably through drip irrigation, are recommended to reduce deep percolation and increase nitrogen and water efficiencies.
Introduction
Among all the elements needed for plant growth, nitrogen (N) is considered the most important fertilizer element applied to soils because crop requirements for N are high compared with requirements for phosphorous (P), potassium (K), and other essential plant nutrients [1] . However, solubility of nitrate (NO 3 ) sources in water can cause rapid movement through soils, and among the various sources of N loss in agricultural fields, leaching is considered a major source of NO 3 -N loss under normal agricultural practices [1] .
Crops differ in rooting depths, rooting densities, N and water requirements, and plant uptake efficiencies [2] , and the percolation of NO 3 -N to deeper soil layers depends on the cropping systems. In addition to N fertilizers and water applied by irrigation or received through precipitation, type of irrigation system and soil physical properties also play important roles in NO 3 -N leaching to groundwater [3, 4] . In arid regions like New Mexico, excess irrigation is also applied to flush salts out of the rooting zone to control soil salinization [5] , leading to high N leaching. Nitrate loading to groundwater ranged from 165 kg ha NO 3 -N for irrigated potato (Solanum tuberosum) on sandy soils in Wisconsin [6] . In the Santa Maria, California, region, where crops such as potatoes, beans (Phaseolus), cauliflower (Brassica oleracea), celery (Apium graveolens), lettuce (Lactuca sativa), and broccoli (Brassica oleracea) are grown on different soils (loam, loamy sand, and sandy loam), mean NO 3 -N concentrations below the crop rooting zones ranged from 60 to 204 kg ha −1 [7] . Similarly, for spring barley (Hordeum distichum L.) planted in sandy soils and fertilized with 100 kg N ha −1 , leaching losses of 65 kg N ha −1 were reported [8] . Nitrate-N loading to groundwater was higher for onion than alfalfa (Medicago sativa L.) and chile (Capsicum annuum) under a furrow irrigation system of arid New Mexico [3] . The N use efficiency of onion has been reported to range from 15% [9] to 30% [10] in furrow irrigation systems. Drip irrigation systems have been reported to reduce percolation of NO 3 -N below the vadose zone of bell pepper (Capsicum annuum) [11] . Drip irrigation systems have the potential to supply water and N directly to onion roots and reduce water and NO 3 -N leaching to the deeper soil layers. Drip systems reported to apply 22% [12] to 30% [13] less water than furrow irrigation systems. Higher onion yields, larger bulb sizes, less NO 3 -N leaching, higher water use efficiency, and higher N fertilizer use efficiency were reported under drip irrigation systems compared to furrow irrigation systems [14] .
The amount of N leaching can be estimated by measuring the concentration of chloride in irrigation water, and N and chloride concentrations in the soil below the rooting zone of a crop [3, 15, 16] . In these studies, soil N and chloride analyses were made after the harvest of crops to determine the growing season leaching fraction and amount of N reaching to the ground water. Most soils can supply N by mineralization, and P and K by weathering of minerals, but cannot supply a considerable amount of chloride. Also, chloride is involved in few biological reactions other than plant uptake and is present in most irrigation water [17] . Thus, chloride is uniquely suited as a tracer element to estimate N leaching below plant rooting zones, although the assumption that chloride is a conservative tracer and is not adsorbed or released by soil may not be always valid [18, 19] . There may also be errors in the chloride balance unless all sources or sinks of chloride are determined [20] . Despite these limitations, the chloride tracer method has been used to determine NO 3 -N loading to the groundwater because the method is fast and easy to use and is less expensive method than constructing a lysimeter. However, there is a need to expand this technique by including soil nitrate-N, chloride, and irrigation measurements throughout the growing season. Therefore, objectives of this study were to determine how the existing management practices of onion in New Mexico can be improved to reduce NO 3 -N leaching and improve water application and N efficiencies. The hypothesis of the study was that the transport behavior of chloride in soils is similar to that of NO 3 -N, and that chloride can be used as a tracer to determine the amount of NO 3 -N reaching to the groundwater throughout the growing season of onion in New Mexico. For the previous eight years, both fields were planted with sudan grass (Sorghum sudanense) after the onion harvest of growing season 1 until onion planted for growing season 2. No N fertilizer was applied to the sudan grass and it was harvested three times during the growing season in the furrow-irrigated field, and one time in the drip-irrigated field where the biomass was left on the soil surface at the end of each cut and incorporated into the soil at the end of the growing season. The furrow-irrigated onion field was located on the Leyendecker Plant Science Research Centre (PSRC) at 32
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• 11 N and 106
• 44 W and the drip-irrigated onion field was located on the Fabian Garcia Research Center (FGRC) at 32
• 16 N and 106
• 46 W of New Mexico State University (NMSU) near Las Cruces, New Mexico. Soils at both sites were classified as Glendale (fine-silty, mixed, calcareous, thermic typic Torrifluvents)-Harkey (coarse-silty, mixed, calcareous, thermic typic Torrifluvents) series [21] . The average annual precipitation for the experimental sites is 25.3 cm, and the average annual temperature is 17.7
• C. The groundwater table was below 2 m in depth at both experimental sites, and both fields were irrigated with groundwater [22] .
Seedbed Preparation.
The fields at PSRC and FGRC were prepared under conventional tillage that included disking, chiseling, plowing, leveling, listing, and bed shaping. Disking was done to alleviate surface soil compaction and to incorporate sudan grass stubble into the soil in both the fields. Triple superphosphate was broadcasted at a rate of 200 kg P 2 O 5 ha −1 on both onion fields before moldboard plowing. Both fields were laser leveled, bed shaped with 56 cm beds and 46 cm furrows, and two rows of onions transplanted into each bed 28 cm apart on 2 November 2006 and 25 September 2008 in the field located at PSRC and on 27 September 2006 and 23 February 2008 in the field located at FGRC. The length of row was 210 m at PSRC and 132 m at FGRC. The field at the PSRC was furrow irrigated while the field at the FGRC was drip-irrigated using T-tape (TTape: TSX-508-08-670, T-Systems, San Diego, CA) with an emitter spacing of 20 cm and a flow rate of 0.22 cm h −1 laid in the center of each bed between the two onion rows at a 10 cm depth. Onions were irrigated 19 times with total gross water application of 95 cm, and 21 times with total gross water application of 100 cm during growing seasons 1 and 2, respectively, in the furrow-irrigated field. Onion in drip-irrigated field received a total gross water application of 81 cm using 42 irrigation applications in growing season 1 and 72 cm using 40 irrigation applications in growing season 2. The amount of water applied during each irrigation event was measured with a flow meter (McCrometer, Inc., Hemet, CA) in each field. The precipitation data was obtained from weather stations located at each experimental site. The water application efficiency was calculated as the ratio of total water stored in the onion rooting zone during irrigation (E t + Δ storage) and total water applied [23] .
Urea ammonium nitrate (URAN) liquid fertilizer was the source of N applied in both the fields. Urea ammonium nitrate was applied at a rate of 49.2 kg N ha −1 per irrigation in the furrow-irrigated field. During growing season 1, six . Nitrogen application efficiency was calculated as the ratio of total N uptake and total N applied. Nitrogen use efficiency was calculated as the ratio of total N uptake and total available N (initial soil N at a 0-50 cm depth + N fertilizer applied) [14] .
Soil Sampling and Analysis.
Twenty-four soil core samples were collected from three locations and four depths (0-10, 10-30, 30-40, and 40-60 cm) from both fields (2 fields × 3 locations × 4 depths = 24). Cores were trimmed in the laboratory, and soil bulk density (BD) was determined by the core method [24] . After determining soil BD, all soil cores were immediately placed in a water tray for 1 to 2 d at room temperature (24 • C) to fully saturate by capillary rise, and saturated hydraulic conductivity (K s ) was determined by the constant head method [25] .
Bulk soil samples were collected from each field at the end of each month from six depths (0-10, 10-30, 30-40, 40-60, 60-85, and 85-110 cm) and three locations (2 fields × 3 locations × 6 depths = 36 soil samples) from September 2006 to August 2009. Gravimetric soil moisture content for each bulk soil sample was determined immediately after sampling [26] . The gravimetric water content was multiplied by BD to calculate the volumetric soil water content (θ). The rest of each soil sample was stored in a cold room at 4
• C until further analysis. Irrigation water samples collected during each month from both fields were analyzed for electrical conductivity (EC), pH, nitrate, and chloride from both fields. Soil samples were also collected from 150-and 200-cm depths during the last week of March and at the time of harvest from both fields to examine change in the concentration of NO 3 -N and chloride.
Bulk soil samples were air dried for 48 hours, ground, and passed through a 2-mm diameter sieve. Fifty-one grams of sieved soil (<2 mm diameter) was used for particle size analysis by the hydrometer method [27] . Nitrate-N was determined by an automated spectrophotometric method using a Technicon autoanalyzer from soil-KCl extracts. The extracts were prepared by adding 25 mL of 2.0 M KCl to 2.5 g of soil, shaking the suspension for 1 hour, and filtering through filter paper (Whatman number 2) [28] . Chloride was determined with a 798 MPT Titrino titrator using silver nitrate solution (0.1 M). Electrical conductivity (EC) and pH were measured for a solution of (1 : 2 soil : water) using an EC electrode and 72 pH meter, respectively. Soil samples from six depths in both fields were also analyzed for organic matter (OM), exchangeable sodium percentage (ESP), sodium adsorption ratio (SAR), phosphorous (P), and potassium (K) at the New Mexico State University Soil and Water Testing (SWAT) Laboratory.
Onion Rooting Depth and Biomass.
Onion rooting depth was determined by excavating two pits at each field just before each harvest. Two plants from each pit were excavated along with their roots at a depth increment of 20 cm from the top of the bed to a depth of 50 cm. The soil was gently washed in the lab and roots were separated, air dried, and weighed.
Onion samples were collected at monthly intervals from February until harvest during growing season 2 in furrowand drip-irrigated fields for N uptake determination. For aboveground biomass determination, the crop was manually harvested before each harvest from four randomly selected plots (2.4 m × 1 m) at each field. Wet and dry plant biomass and onion yields were determined, separately, for each plot on a per-hectare basis. The plant samples were weighed fresh, then dried at 68
• C for 72 h and reweighed to determine plant moisture content. The air-dried onion bulbs were analyzed for NO 3 -N, total N and chloride at the SWAT lab of NMSU.
Crop Coefficient.
The reference evapotranspiration (E to ) for grass using Penman's equation was obtained from NMSU weather station located at each experimental field. The crop coefficient (K c ) was calculated as follows:
where i = day and n = total number of days, B 0 is the intercept, and B 1 , B 2 , and B 3 are regression coefficients for onion [29] . Growing-degree-days (GDD) were calculated as
where T max = daily maximum temperature ( • C); T min = daily minimum temperature (
• C); T b = base temperature ( • C). The base temperature was set at 4
• C [30] . K c is defined as the ratio of crop evapotranspiration (E t ) and E to ; therefore, K c was multiplied by E to to calculate E t .
Soil Water Content.
Diurnal variations of θ in the onion beds were monitored by time domain reflectometry (TDR) sensors (Campbell Scientific, Inc., Logan, Utah). Each TDR system included one CR 10X datalogger, one SDMX50 multiplexer, one TDR 100, and eight CS-640 probes powered by a 12 V deep-cycle battery at each experimental site. A set of two probes was installed at depths of 20 and 50 cm from the top of the onion bed at four locations in each experimental field. Total of sixteen TDR sensors were installed and programmed to provide half hourly readings for the entire growing seasons at both experimental sites.
Chloride Tracer Technique.
Chloride is present in almost every source of irrigation water and is either taken up by plants or remains in the water. Chloride is assumed to be a conservative ion in this approach. As most soils do not adsorb or release chloride, the irrigation leaching fraction (LF) can be calculated by taking the ratio of chloride concentration in irrigation water to chloride concentration in the drainage water [15] . The LF is defined as the fraction of water moving below the rooting zone portion of the soil profile and is expressed as 
where Cl a is the amount of chloride (kg ha −1 ) in the irrigation water and was calculated based on the concentration of chloride in the irrigation water, the volume of irrigation water, and the amount of water taken up by the crop, (NO 3 -N) s is the concentration of NO 3 -N in the soil (mg (NO 3 -N) mg −1 soil), and Cl s is the chloride ion concentration in the soil (mg Cl −1 mg −1 soil).
Water
Balance. The following equation was used to estimate the water balance in both fields:
where ΔS is change in soil water storage (cm), P is precipitation (cm), I is irrigation (cm), E t is evapotranspiration (cm), and DP is deep percolation (cm).
Leaching Depth Calculations.
The length of the roots and shoots of onion seedlings ranged from 6 to 10 cm during transplanting. Thus, actual rooting depth of onion seedlings was selected as 10 cm at the time of transplant. The increase in rooting zone depth (RD) during the growing season was calculated as follows:
where RGC is root growth coefficient equal to 0.0254 cm • C −1 [31] . Amount of available water content (AWC) stored in the rooting zone increased with an increase in depth of rooting zone and was calculated as
where ∂θ is change in water storage in the rooting zone during irrigation and can be calculated as
where θ i is the TDR-measured initial soil volumetric water content obtained by averaging the previous three θ readings before the start of irrigation, and θ f is the TDR-measured final volumetric water content of soil (average of three θ) 24 hours after the cessation of irrigation. The amount of leaching (LA) was determined as
where TWA is the total water received by a crop as irrigation or rainfall. A constraint applied to (9) was that if TWA < AWC, then LA = 0. The TDR sensor at the 20 cm depth recorded changes in θ with irrigation, but almost no change in θ was recorded at 50 cm depth throughout the growing season. Hence, soil at or below 50 cm was considered at field capacity (FC) during the entire growing season in both fields. The θ at FC was determined by collecting gravimetric soil samples 24 h after the cessation of irrigation at both fields, from 0-to 110-cm depth. For the furrow-irrigated field, FC was 0.31 ± 0.02 cm 3 cm −3 for the 0-to 60-cm depth and 0.18 ± 0.03 cm 3 cm −3 for depths greater than 60 cm. For the drip-irrigated field, FC was 0.31 ± 0.04 cm 3 cm −3 for the 0-to 85-cm depth and 0.18 ± 0.05 cm 3 cm −3 for depths greater than 85 cm. The leaching depths in the upper 60 cm of the furrow-irrigated field and upper 85 cm of the drip-irrigated soil profile were calculated as
Similarly, the leaching depths below 60 cm in the furrowirrigated field and below 85 cm in the drip-irrigated field were calculated as
The cumulative leaching depth below the rooting zone was obtained by adding leaching depths for each irrigation application. It was supposed that the first irrigation only saturated the upper 10 cm of the soil. A piston flow approach was adopted in both the fields to calculate the leaching depth of N fertilizer percolating to the deeper depths along with the irrigation water. The average NO 3 -N and chloride concentrations for the months fertilizer applications were made and were used to calculate the LF, IE, and amount of NO 3 -N loading below the rooting zone.
Statistical Analyses.
As soil texture for the 0 to 50 cm soil profile also the rooting depth was similar in both fields, onion yield, leaching fractions, N use and application efficiencies in both fields were analyzed using the GLM (general linear model) procedure of SAS version 9.2 [32] . Statistical differences were evaluated at a probability level of P ≤ 0.05.
Results and Discussion

Soil Properties.
In the furrow-irrigated field, according to USDA soil classification, the top 60 cm of soil from Applied and Environmental Soil Science 5 the surface was a sandy clay loam and was sand below 60 cm (Table 1 ). The average BD of 0 to 60 cm depths was 1.4 g cm −3 , and average K s was 2.33 cm h −1 . The average soil pH and EC for the 0 to 60 cm depths were 7.4 and 2.0 dSm −1 and were 8.0 and 0.77 dSm −1 for depths greater than 60 cm, respectively. For the 0 to 60 cm depths, average soil OM, P, and K were 0.43%, 11.6 mg kg −1 , and 57.3 mg kg −1 and for depths greater than 60 cm, these were 0.02%, 2.2 mg kg −1 , and 29 mg kg −1 , respectively (Table 2 ). In the drip-irrigated field, the top 60 cm soil profile was classified as a sandy clay loam, 60 to 85 cm depth as silt loam, and below 85 cm as sand ( Table 1 ). The average BD for the 0 to 60 cm depth was 1.4 g cm −3 , and average K s was 2.1 cm h −1 . The average soil pH and EC for the 0 to 60 cm depth were 7.6 and 2.0 dSm −1 , and for depths greater than 60 cm were 7.8 and 1.95 dSm −1 , respectively. The average soil OM, P, and K were 1.2%, 56.5 mg kg −1 , and 119.2 mg kg −1 for 0 to 60 cm depth and 0.34%, 4.9 mg kg −1 , and 62.5 mg kg −1 for depths greater than 60 cm, respectively (Table 2) . Consequently, the mineralization rate below 60 cm could be considered as negligible.
The soil texture of both fields was similar except at the 60 to 85 cm depth, at which drip-irrigated field contained more fine-textured soil than the furrow-irrigated field. The average soil EC for the 0 to 60 cm depths was equal or below the threshold of 2 dS m −1 [33] in both the fields. Consequently, yield and evapotranspiration were not influenced by salinity stress. The OM contents of each field was low (OM < 1.8%); which is typical of the arid southern NM. The soil ESP and SAR values were well below the threshold levels of 13 and 15, respectively [33] , and there were no sodicity problems in either field. Up to 60-cm depths, ESP, SAR, OM, P, and K contents were significantly higher (P < 0.05) in dripirrigated field than in furrow-irrigated field.
Onion Rooting Zone Depth.
The majority of the onion roots were found in the 0 to 20 cm soil depth, with a maximum rooting depth of 48 ± 2 cm during both the onion growing seasons. Hence, a maximum rooting depth of 50 cm was considered for both fields in estimating the leaching depth of NO 3 -N and water. The maximum onion rooting depth reported in the literature ranges from 30 cm [31] to 45 cm [3] . (Figure 1 ), which was equivalent to 14.8 kg NO 3 -N ha −1 . This increase could only be due to the mineralization of the sudan grass incorporated prior to planting of the onion crop, because no fertilizer was applied at this stage in the furrow-irrigated field. It has been reported that N mineralization sharply increases as the air temperature increases from 13
• C to 22
• C [34] . Air temperature in the experimental field sites was above 13
• C for 21 days during December 2006, ranging from 13
• C, and for 15 days during January 2007, ranging from 13
• C to 20 • C. Thus, air temperature was favorable for mineralization. during March and 68.6 mg kg −1 during April in the 0 to 50 cm layer, as two fertilizer applications were made during March and three during April (Figure 1 ; Table 3 ). Bulb initiation started during early April 2007 and was completed by the end of June 2007. The NO 3 -N concentration in the upper 0 to 50 cm soil layer (maximum root zone depth) then decreased in May and June, the months of high N uptake by onion plants [35] .
Similarly, in growing season 2, average soil NO 3 -N content (0-50 cm) increased from 8.8 mg kg Table 3 ). The average soil NO 3 -N content increased until it reached 45.3 mg kg −1 during April, 2009 and then a decreasing trend was observed in soil NO 3 -N content until harvesting of the crop. In general, soil NO 3 -N concentration was higher in the rooting zone than below it throughout the sampling period during both the growing seasons ( Figure 1 ). Theoretically, NO 3 -N concentrations should be zero below the rooting zone, with all applied N taken up by the crop. The soil water NO 3 -N concentration, calculated by dividing soil NO 3 -N concentration by water content, was 105.2 mg L −1 during growing season 1 whereas it was 97.4 mg L −1 during growing season 2 below the crop rooting zone depth. This nitrogen can leach into the groundwater unless denitrification occurs within the capillary fringe zone just above the water table.
In the drip-irrigated field, the sequence of fertilizer applications was different and the number of fertilizer applications was also higher but the amount applied at each application was less for the drip-than the furrow-irrigated field. During growing season 1, average soil NO 3 -N concentration increased from 11.8 mg kg (Figure 2 ). The 51.1 kg N ha −1 came from the fertilizer application in January, and the rest was likely from the mineralization of sudan grass. The NO 3 -N concentration decreased for the 0 to 50 cm profile due to two rain events in February. The NO 3 -N increased to 25.8 mg kg −1 in the 0 to 50 cm soil profile during March primarily due to two applications of fertilizer.
No fertilizer was applied during April, and that resulted in an attendant decrease in the soil NO 3 -N at almost all depths except 30 to 40 cm and 40 to 60 cm. Soil NO 3 -N increased at all the depths within the 0 to 110 cm soil profile due to the (Figure 2 ). Similar to the furrow-irrigated field, the NO 3 -N concentrations below rooting depths were much higher than the NO 3 -N levels of 10 mg L −1 recommended by the U.S. Environmental Protection Agency's drinking water standard [36] .
Irrigation Water Front Depths.
In the furrow-irrigated field, total water wetting front depth for the entire growing season was estimated at 213 cm during growing season 1 and 196 cm during growing season 2 (Table 4 ) from the (Table 4) .
In the drip-irrigated field, the depth of the water wetting front was estimated at 147 cm (Tables 5(a) in growing season 1 whereas estimated depth of NO 3 -N front was 87 cm, with average NO 3 -N front velocity of 0.63 cm day −1 in growing season 2. Similar to the furrowirrigated field, the water wetting front was higher than the NO 3 -N front depth because the water application was started earlier than N fertilizer application.
The assumption that wetting and NO 3 -N fronts move at the same velocity may not be valid under field conditions. The NO 3 -N flow velocity can be lower than the wetting front velocity if NO 3 -N adsorption was taking place during the transport through the soil profile. In the case of anion exclusion, the NO 3 -N flow velocity could be higher than the wetting front velocity, and deeper leaching of NO 3 -N can be observed under such conditions [37] . 
Plant Nutrient Content and Onion Yield.
In the furrowirrigated field, total N concentration in plant tissue was 1.68 ± 0.003% of the total dry onion biomass in growing season 1 whereas it was 1.7 ± 0.004% in growing season 2.
However, in the drip-irrigated field, total N concentration in plant tissue was 1.65 ± 0.003% and 1.63 ± 0.003% of the total biomass of dry onion in growing seasons 1 and 2, respectively. The chloride concentration in the plant tissue 11 ± 3.8 9 ± 9.7 5 ± 1.72 8 ± 2.12 6 ± 8.1 0.5 ± 0.5 * : E t . was 1.26 ± 0.002% and 1.25 ± 0.002% of the total biomass of dry onion for furrow-irrigated field in growing seasons 1 and 2, respectively, and 1.24 ± 0.002% in growing seasons 1 and 2 for drip-irrigated field. Since amount of chloride uptake by plants constitutes a very small proportion of the total chloride flux, chloride uptake makes a little difference (<3%) in estimating the irrigation efficiencies [16] .
In the furrow-irrigated field, onion yield on a wet basis was 45,120 kg ha −1 in growing season 1 and 45,420 kg ha −1 in growing season 2 with a moisture content of 90%. The total dry onion biomass yield was 6210 kg ha −1 and 6251 kg ha
in growing seasons 1 and 2, respectively, in the furrowirrigated field. The onion yield on the wet basis was 50,980 kg ha −1 and 50,840 kg ha −1 in growing seasons 1 and 2, respectively, in drip-irrigated field. These yields were significantly higher (P < 0.01) than those from the furrow-irrigated field during both the seasons. The total dry onion biomass yield was 6840 kg ha −1 and 6800 kg ha −1 in growing seasons 1 and 2, respectively. The yields were not significantly different (P > 0.05) between the two growing seasons for either furrow-or drip-irrigated fields.
Nitrate-N and Chloride
Ratio. In the furrow-irrigated field, within the rooting zone, the NO 3 -N/Cl ratio was variable. This could be due to the mineralization of sudan grass and/or N uptake by the onion crop (Figure 3) . Below the crop rooting zone, where no N uptake occurs, the average NO 3 -N/Cl ratio was similar, and averages of 0.61, 0.62, 0.61, and 0.62 were estimated during growing season 1 and 0.54, 0.53, 0.54, and 0.54 during growing season 2 at 85-, 110-, 150-and 200-cm depths, respectively (Figure 3) . These values showed that NO 3 -N distribution and LF were uniform throughout the growing seasons. They also showed that excess N was applied to meet the plant N needs throughout the growing seasons.
In the drip-irrigated field, the NO 3 -N/Cl ratio in the entire soil profile was variable (Figure 3 
Nitrate-N Loading.
The Nitrate-N and chloride ratio was used in (4) to calculate the amount of NO 3 -N percolated below the rooting zone of onion, and an averaged accumulated NO 3 -N loading of 150 ± 2.2 kg ha −1 and 145 ± 0.5 kg ha −1 was obtained in growing seasons 1 and 2, respectively, for soil depths below the rooting zone of furrowirrigated onion. The NO 3 -N loading was significantly higher (P < 0.01) during growing season 1 than growing season 2 because all fertilizer applications were made during February, March, and April in the growing season 1 whereas fertilizer applications were spread over four months (October, February, March, and April) during growing season 2. The N front leached to a maximum depth of 149 cm in growing season 1 indicating that the NO 3 -N below 149 cm depth was from the previous year. As same crop rotation was practiced in this field for many years and also the inputs such as water and N fertilizer were nearly the same during each growing season, therefore, this method can be used to estimate N leaching below root zone during these past years.
The average accumulated NO 3 -N loading estimated below the rooting zone of onion was 79 ± 6.9 kg ha −1 and 76 ± 0.3 kg ha −1 during growing seasons 1 and 2, respectively, for the drip-irrigated field. Similar to the furrow-irrigation system, the NO 3 -N concentration in the soil water below 86 cm depth represented the NO 3 -N concentration from the previous year onion crop in the drip irrigation system. Almost similar amount of fertilizer was applied during both the growing seasons in furrow-and drip-irrigated fields but still 47% less NO 3 -N loading during growing season 1 and 47.5% less during growing season 2 was recorded in dripthan in the furrow-irrigated field.
Nitrogen and Water
Balance. The water balance presented an unaccounted amount of 8 ± 1.2 cm and 8 ± 0.6 cm of water during growing seasons 1 and 2, respectively, for of the total water received in the furrow-irrigated field (Table 6) . Similarly, water balance in drip-irrigated field also showed an unaccounted amount of 5 ± 1.72 cm and 0.5 ± 0.5 cm during growing seasons 1 and 2, respectively (Table 7) . Water application efficiency was 72 ± 0.35% and 70 ± 0.43% during growing seasons 1 and 2, respectively, for the furrowirrigated field and 77 ± 0.37% during growing season 1 and 82 ± 0.40% during growing season 2 for the drip-irrigated field. Water application efficiency was significantly higher (P < 0.05) in drip-irrigated field than in furrow-irrigated field during both the growing seasons. A higher amount of water and less frequent irrigations were applied to the furrow-irrigated field than the drip-irrigated field in this study. The chloride balance error in the drip-irrigated field could also be due to soil sampling errors, as the water flow is not one dimensional in drip irrigation system.
In the furrow-irrigated field, total N output-N loss plus N uptake plus storage of NO 3 -N in soil profile-from the soil profile during the entire growing season 1 was 294 ± 1.8 kg N ha −1 and was 297 ± 3.1 kg N ha −1 during growing season 2 against the total input of 295 kg N ha −1 during both the growing seasons, in the form of URAN fertilizer (Table 6) .
Nitrogen application efficiency was 35 ± 0.21% and 36 ± 0.1% during growing seasons 1 and 2, respectively, whereas N use efficiency was 26.7 ± 0.06% during growing season 1 and 28 ± 0.05% during growing seasons 2. Nitrogen application and use efficiencies were significantly higher (P < 0.05) in growing season 2 than in growing season 1, respectively. If the antecedent N level in the soil is sufficient for plant growth, N use efficiency can be increased by reducing the amount of fertilizer applied. N use efficiencies obtained in this study were greater (by about 15%) than those reported by [9] and less (30%) than those reported by [10] for onion under a furrow-irrigation system.
In the drip-irrigated field, total N output during the entire growing season 1 was 281 ± 3.8 kg N ha −1 and 278 ± 2.1 kg N ha −1 during growing season 2 against the total input of 292 kg N ha −1 and 286 kg N ha −1 during growing seasons 1 and 2, respectively, in the form of URAN fertilizer ( Table 7) . The total N output can be smaller due to mineralization of sudan grass that might have taken place in the rooting zone during the growing seasons. N use efficiency was 31 ± 0.25% and 32 ± 0.21% during growing seasons 1 and 2, respectively, whereas NAE was 38 ± 0.20% during growing season 1 and 39 ± 0.18% during growing season 2 in the drip-irrigated field. The unaccounted N in the NO 3 -N balances might be due to denitrification taking place in the rooting zone or to the unaccounted N present in onion foliage at the time of harvesting. Nitrogen application and use efficiencies were significantly higher (P < 0.05) in the drip-irrigated field than in the furrow-irrigated field during both the growing seasons.
In this study, N mineralization, denitrification N loss and N content of the onion foliage at harvesting were not determined and hence were not included in the N balance calculations for both fields. A search in the literature revealed that a total denitrification N loss of 51.2 kg N was reported for the agricultural fields, with a total fertilizer application of 335 kg N ha −1 [38] , whereas it varied from 27 to 49 kg N ha −1 with the total fertilizer application ranging from 225 to 335 kg N ha −1 [39] . Literature searches did not yield any information on the N mineralization of sudan grass for southern New Mexico. Plow-down alfalfa was reported to contribute kg N ha −1 yr −1 in the soil through mineralization [40, 41] . Sullivan [35] found 10 to 20% of the total onion N uptake to be present in onion foliage at the time of harvesting. Looking at the above numbers, it seemed that all the three factors of N-mineralized N, denitrified N, and N in the onion foliage-together could account for the N mass balance error obtained in the current study.
3.9.
Leaching. Using (3), an LF of 0.20 ± 0.006 or IE (1 − LF) of 80 ± 0.60% during growing season 1 and an LF of 0.22 ± 0.004 or IE (1 − LF) of 78 ± 0.40% during growing season 2 were obtained for the furrow-irrigated field ( Table 6 ). The LF during growing season 2 was significantly higher (P < 0.05) than the LF during growing season 1. An LF of 0.28 during growing season 1 and 0.30 during growing season 2 was estimated using water balance method. This indicated a low LF or high IE values using chloride tracer method as compared with the values obtained with water balance method.
Similarly, an LF of 0.17 ± 0.02 (IE = 83 ± 2.0%) during growing season 1 and an LF of 0.17 ± 0.007 (IE = 83 ± 0.7%) during growing season 2 were obtained for the drip-irrigated field using (3) ( Table 7) , whereas the LF obtained using the water balance method was 0.23 (or IE = 0.77%) during growing season 1 and 0.18 (or IE = 0.82%) during growing season 2. Similar to the furrow-irrigated field, the chloride tracer technique underestimated the LF and overestimated the IE for the drip-irrigated field. During both the growing seasons, LF was significantly higher (P < 0.05) for the furrow-than drip-irrigated field.
Average IEs ranging from 45 to 77% were reported for onion under drip irrigation systems, in which five different irrigation applications of 40, 60, 80, 100, and 120% of the nonstressed E t were applied to onion crop at the FGRC in Las Cruces, NM [42] . In the present study, by contrast, irrigation applications of 79% and 83% during growing seasons 1 and 2, respectively, of the nonstressed E t were applied to furrowirrigated field whereas irrigation applications of 81% during growing season 1 and 72% during growing season 2 of the nonstressed E t were applied to drip-irrigated field. The high IE obtained in this study under both irrigation systems is due to the deficit irrigation practiced in the study area to maximize yield from a unit of water rather than from a unit of land, since water is a limited resource in this region. (<11 kg ha −1 ) onion N uptake (Figure 4) . Halvorson et al. [9] reported that onions need a maximum amount of N during bulbing, when rapid formation of bulb dry matter takes place. Therefore, better N management would be to start N application just before bulbing (early March) to provide N during the period of maximum need by onion plants and possibly reduce NO 3 -N leaching, hence improving NAE in both fields.
In the furrow-irrigated field, soil NO 3 -N was 235 kg ha (Figure 4) . Most of the excess soil NO 3 -N probably leached with irrigation, as the soil NO 3 -N during May decreased compared to soil NO 3 -N during April. As the total onion N uptake was 104 kg ha −1 and 106 kg ha −1 during the entire growing seasons 1 and 2, respectively, therefore, a soil N of 150 kg ha −1 is sufficient throughout the growing season starting from March. This soil NO 3 -N concentration can be maintained by reducing the amount of N to half during March and April, with a total N fertilizer application of 196 kg ha −1 through the entire growing season. A single application of N before March might be sufficient for onion plants in drip-irrigated field, and N applications during December, January, and February during growing season 1 could be skipped for better N management ( Figure 4) . Most of the N fertilizer applied before March probably leached with irrigation water, as onion roots were only 10 to 15 cm deep until March. Curtailing excess fertilizer applications before March would reduce the total fertilizer application from 292 to 190 kg ha −1 during growing season 1. Similarly, by reducing the current N fertilizer applied during March, April, and June during the growing season 2 to half would reduce the total fertilizer application from 286 to 175 kg ha −1 . These results also showed that regular soil sampling is important to monitoring soil NO 3 -N throughout the growing season.
The limitation of this study, in the drip-irrigated field, could be the difference in the planting dates of onion. However, this is a common practice in this area where farmers grow onion during fall followed by spring onion. Despite of this limitation, this study provided a detailed sketch of NO 3 -N leaching and discussed the improvements that can be made to reduce the NO 3 -N leaching in the farmers' fields of New Mexico.
Conclusions
Greater N concentrations were found in the onion crop rooting zone than below the rooting zone depth in both the furrow-and drip-irrigated onion in NM. The average NO 3 -N loading flux below the rooting zone was 150 ± 2.2 kg ha −1 and 145 ± 0.5 kg ha −1 during growing seasons 1 and 2, respectively, at an average volumetric water content of 0.19 cm 3 cm −3 in furrow-irrigated field. Similarly, average NO 3 -N loading flux below the rooting zone of dripirrigated field was 79 ± 6.9 kg ha −1 and 76 ± 0.3 kg ha −1 during growing seasons 1 and 2, respectively, at an average volumetric water content of 0.32 cm 3 cm −3 . The ratio of NO 3 -N and Cl decreased with increasing soil depth and was similar below the onion rooting zone (50-200 cm) in the furrow-and drip-irrigated fields. A leaching fraction of 0.20 ± 0.006 and 0.22 ± 0.004 during growing seasons 1 and 2, respectively, was obtained for the furrow-irrigated field and 0.17 ± 0.02 during growing season 1 and 0.17 ± 0.007 during growing season 2 for the drip-irrigated field using the chloride tracer technique. Therefore, irrigation efficiencies (1 − LF) under both systems were high: 80 ± 0.6% and 78 ± 0.004% during growing seasons 1 and 2, respectively, for the furrow-irrigated field and 83 ± 2.0% during growing season 1 and 83 ± 0.7% during growing season 2 for the dripirrigated field. The chloride tracer technique underestimated the leaching fractions and, therefore, overestimated the IEs for both irrigation systems compared to the water-balance method. Nitrogen application and use efficiencies were low in both fields because of high levels of available N in the root zone due to application of excess N fertilizer compared with the total amount of N taken up by the onion plants. Reducing N application rates by half and delaying N applications until onion bulbing (early March) starts may improve N application and use efficiencies and potentially reduce the N loading in deeper soil layers. More frequent and smaller amounts of water and fertilizer applications can increase retention and reduce the leaching depth of water and fertilizer.
